Summary: Cerebral blood flow (CBP) and unidirectional transport of glucose from blood to brain were measured simultaneously in four brain regions of the pentobarbital anesthetized gerbil. The method consisted of the intrave nous injection of a bolus containing [l4C]butanol and [3H]glucose, followed by continuous withdrawal of arte rial blood and sampling of brain 25 s later. CBP was low est in the cerebral cortex (50 ml 100 g-1 min-l), highest in the brainstem (89 ml 100 g-l min-I), and intermediate in the basal ganglia and cerebellum (66 and 69 ml 100 g-l min-l, respectively). The kinetics of blood-to-brain glu cose transport were measured in animals whose blood glucose concentration had been altered by glucose or in sulin injections. The half-saturation constant for glucose Glucose, the principal energy substrate for the brain, readily moves from blood to brain despite the presence of a blood-brain barrier (BBB) for many other polar solutes. There can be little doubt that this selective transfer of glucose occurs by virtue of a specific carrier-mediated transport system (see Lund-Anderson, 1979, for review). Kinetic analysis of BBB glucose transport suggests that under nor mal circumstances the rate of glucose transfer from blood to brain is more than adequate to meet the requirements for brain metabolism (Betz et aI. , 1976; Gjedde, 1980) . However, when the cerebral metabolic rate for glucose (CMRg1u) is increased, or when the plasma glucose concentration is de-
creased, the rate of glucose transport from blood to brain could limit brain energy metabolism (Betz et aI., 1976) . Understanding the regulation of BBB glucose transport is essential to the interpretation of alterations in cerebral energy metabolism that occur in various physiologic and pathologic conditions.
Cerebral ischemia is an example of a pathologic condition in which changes in cerebral energy me tabolism are of considerable importance. Because of the relative ease with which a stroke can be pro duced in the gerbil, it is an experimental animal that is commonly used in such studies (Levine and Payan, 1966) . Although there are many studies of cerebral energy metabolism in the gerbil (Mrsulja et aI. , 1976; Kobayashi et aI. , 1977; Levy and Duffy, 1977) , there are no studies of blood-to-brain glu cose transport kinetics in this species.
In this paper, we report a method for the simulta neous determination of regional blood-to-brain glu cose transport and cerebral blood flow (CBF) in the gerbil. In a companion study, we describe the influ-ence of ischemia and alterations in CBF on blood glucose uptake (Betz et aI. , 1983) .
METHODS

Theory
Methods for determination of regional cerebral blood flow (rCBF) in the gerbil (Van Vitert and Levy, 1978) , and the simultaneous determination of rCBF and blood to-brain glucose transfer in the rat (Gjedde et aI., 1980) have been reported previously and provide the basis for our study. The technique utilizes an intravenous bolus injection of labeled glucose and a CBF indicator, followed by continuous arterial blood withdrawal and regional brain sampling. The theory behind this method and the mathematical analysis of data have been presented in de tail by Gjedde et aI. (1980) and will only be summarized here.
The measurement of CBF (Fbr) following intravenous injection of a flow indicator is based on the following equation:
(1) where C br (T) is the content of indicator per unit weight of whole brain, E(T) the fractional extraction of indicator by brain from the time of introduction of the indicator into the circulation (t = 0) until the time of termination of the experiment (t = T), and Fo and Qo(T) are the flow rate and indicator content, respectively, of an arterial sample withdrawn during the injection.
This analysis requires the accurate determination of the net fractional extraction of indicator by brain between t = o and t = T, i.e., E(T). Butanol is a commonly used CBF indicator, and for very short times after injection, E(T) approaches unity, allowing Eq. 3 (below) to be used with E(T) = 1 (Van Vitert and Levy, 1978) . However, when the experimental design calls for the simultaneous mea surement of brain glucose uptake, then T must be suffi ciently large to permit washout of tracer glucose from within the brain vasculature. In this case, butanol is also removed from the brain, and E(T) is < 1. According to the analysis of Gjedde et aI. (1980) , intravenous injection of a bolus of indicator will result in a monoexponential decay in its arterial concentration versus time [C�'(t) ]. If the rate constant (k) for decay of arterial butanol and the time (t') of peak appearance of butanol in arterial blood are known, then E(T) and CBF can be calculated by an itera tive technique.
The relationship expressed in Eq. 1 holds true for any solute, including glucose. Therefore, the unidirectional extraction of tracer glucose (E* glu) can be calculated with a formula similar to Eq. 1 if the extravascular content of radioactive glucose in brain (C* ev ) is known.
In contrast to E(T) for butanol, it is reasonable to assume that E* glu remains constant for some time after injection because of the large cerebral pools for glucose in the extra-and intracellular spaces of brain (Gjedde et aI., 1980) . The rate of unidirectional transport of glucose from blood to brain can be calculated with the equation:
The plasma glucose concentration (C�I) and the plasma flow rate into the sampling syringe (Po l ) are used because the labeled glucose equilibrates slowly with rodent eryth rocytes (Heath and Rose, 1969) . C�v(T) is calculated by subtracting the quantity of radioactive glucose that re mains within the vasculature from the total tracer content in the brain sample (C1v(T»:
C1v (T 
Animal preparation
Adult male Mongolian gerbils weighing 50-70 g were anesthetized with sodium pentobarbital (50 mg/kg). Catheters of PE-lO polyethylene tubing were inserted into the right and left femoral arteries and the left femoral vein. The catheter in the right femoral artery was con nected to a blood pressure transducer for continuous monitoring and was also used for blood sampling. The catheter in the left femoral artery was glued to a 50-cm length of PE-50 polyethylene tubing or 0.8-mm ID x 0.24-mm OD Tygon® tubing. This catheter was connected to a 3-ml syringe placed in a Harvard pump and was used for continuous withdrawal of arterial blood during the in jection. The catheter in the left femoral vein was used to administer the isotope. A tracheostomy was performed, and a short piece of PE-60 polyethylene tubing was in serted. The animal was allowed to breathe room air spontaneously and was warmed by a heating pad and in candescent lamp. The animal was allowed to attain a steady state for 30-60 min following these procedures.
The general procedure for these experiments involves the intravenous injection of a mixture of ['4C]butanol and [3H]glucose, and the continuous withdrawal of arterial blood at a known rate. Sufficient time was allowed for the isotope to make a single passage through the cerebral circulation, and then an additional period of time was allowed for washout of intravascular [3H]glucose. Pre liminary studies were required to determine the optimal time for brain sampling and the parameters that describe the arterial concentration profile for [14C]butanoI.
Preliminary studies
The arterial concentration of ['4C]butanol versus time after intravenous injection was determined in four ani mals. The PE-lO catheter in the left femoral artery was connected to a I-m length of PE-50 tubing that was marked at 2-cm intervals. Previous calibration had shown that 2 cm of this tubing contained 5.12 ± 0.12 Ml (mean ± SD; n = 5). A small air bubble was introduced into the catheter and positioned at the junction of the PE-lO and PE-50 tubing. Blood withdrawal through this catheter was begun, and as the bubble passed the first mark, an intra venous injection of 3 /-LCi of ['4C]butanol in 50 /-LI of N-2-hydroxyethylpiperazine-N' -2' -ethane sulfonic acid (HEPES)-buffered saline (pH = 7.4) was made through the venous catheter. The bubble therefore represented 5.12 pJ past the zero-time sample. Withdrawal continued for 50 s and was terminated by clamping both ends of the PE-50 tubing simultaneously. The tubing was cut rapidly into 2-cm lengths while still filled with blood, and these samples were placed in scintillation vials containing 0.5 ml of ethanol:Protosol (2: 1, vol/vol) and incubated with agitation at 50°C overnight. This procedure dissolved the blood, leaving the tubing intact. After addition of scintil lation fluid, the ['4C]butanol content of each blood sample was determined.
A typical injection profile for [14C]butanol is shown in Fig. 1 . The data, when plotted as the log of the relative butanol content versus time, approximate a monoexpo nential decay function for the first 30 s after injection. The time (t') for peak appearance of ['4C]butanol was deter mined by examination. The rate constant (k) for the decay in arterial concentration was determined by fitting the data between t = t' and t = 30 s to the equation C�l(t) = C�l(t')exp[ -kef -t')] by least-squares linear regression (Gjedde et aI., 1980) .
In the four animals studied in this manner, the average t' was 4.9 ± 0.8 s, and the average k was 0.0252 ± 0.0031
A value for Abr. the brain/blood partition coefficient for butanol, is also required in calculation of E(T). We used a value of 0.770 ml gm-1, which is the value that was determined in the rat (Gjedde et aI., 1980) . The optimal time for termination of the experiment was determined by finding the time after intravenous admin istration of an intravascular indicator when the brain content of tracer was low, and before recirculation of tracer occurred. For these experiments, [3H]sucrose was used as the intravascular reference compound because of its low permeability at the BBB (Ohno et aI., 1978) . A 50-/-LI bolus injection of 40 /-LCi [3H]sucrose in HEPES buffered saline was made through the venous catheter, while the arterial blood was sampled by continuous with drawal. At various times after the injection, animals were decapitated and the arterial sampling was terminated. A 5-cm length of PE-I0 tubing from the sampling catheter was added to 0.5 cc of ethanol:Protosol (2: 1, vol/vol), digested, and prepared for scintillation counting. This sample was used to calculate the final concentration of [3H]sucrose in the arterial plasma. The brain was quickly removed from the animal, divided into left and right forebrain (cerebral cortex + basal ganglia), and added to pre weighed scintillation vials containing 1.5 ml Protosol. After reweighing, the sample was digested and prepared for scintillation counting.
The data in Fig. 2 were obtained from animals decapi tated at 10, 15, 20, 25, 30, and 35 s after injection. Both the brain content and the arterial concentration of [3H]sucrose reached minimum values between 20 and 30 s. This indicates that blood entering the femoral artery catheter is representative of blood in the cerebral circula tion, and that 25 s is a reasonable time (T) to terminate the experiment, since the intravascular concentration of labeled glucose in brain is low. Data represent single determinations on separate animals, except at 25 s, which is the average ± SD for three animals.
General procedures
Animals were prepared as described above. Three min utes before injection, a 0.3S-ml sample of arterial blood was removed, and the volume was replaced with hepa rinized saline. This sample was used for determination of pH, Paco2, Pao2, hematocrit (Hct), and plasma glucose concentration (C�I). A few seconds before injection, withdrawal of arterial blood through the PE-lO tubing into 0.8-mm ID x 2.4-mm OD Tygon tubing was begun at a rate of 0.233 ml/min. When blood was flowing freely, a SO-,ul bolus injection containing 2 ,uCi of [14C]butanol and 20 ,uCi of [3H]glucose in HEPES-buffered saline (pH = 7.4) was made through the intravenous catheter. Twenty-five seconds later, the sampling catheter was clamped and the animal was decapitated. A S-cm length of PE-I0 tubing connected to the sampling catheter was placed in O.S ml of ethanol:Protosol (2: 1, vol/vol). This tubing had a capacity of 2.28 ± 0.11 ,ul (mean ± SD; n = S) and was used for calculation of the arterial tracer glu cose concentration at time T [C;(T)]. The remaining blood in the sampling catheter was expelled into 1.0 ml of ethanol:Protosol (2: 1, vol/vol). Prior studies showed that loss of [14C]butanol through the tubing was minimal. The brain was quickly removed, the surface was cleaned of blood, the choroid plexus was discarded, and the brain was dissected into four regions (cerebral cortex, basal ganglia, cerebellar hemispheres, and brainstem). These samples were added to preweighed scintillation vials containing I.S ml Protosol. The vials were reweighed, and all samples were digested overnight SO°C. The vial con taining blood from the arterial catheter required decol orization with 0.4 ml 30% H202, followed by a second incubation for 1 h at SO°c. This sample was neutralized with two drops of 1 M Tris-HCI before the addition of Aqueous Counting Solution® (Amersham). The other samples were counted in a toluene-based scintillation fluid for nonaqueous samples. The vials were allowed to stabilize for 24 h, and then 14C and 3H contents were determined with a Beckman LS-7S00 scintillation counter that had been calibrated previously for dual label analysis.
Plasma glucose concentrations were determined by the Michigan Diabetes Research and Training Center Biochemistry Core using an automated glucose-6-phosphate dehydrogenase technique. Blood gases were assayed with a Radiometer Blood Gas Analyzer (Copenhagen).
Kinetic analysis
In three animals, the plasma glucose concentration was raised by the intraperitoneal administration of 1 ml 1 M glucose 90 min before isotope injection. In four animals, the plasma glucose concentration was lowered by admin istration of insulin (SO-ISO U, i.p.) 30-60 min before isotope injection. Very large doses of insulin were re quired, since the gerbil appeared to be relatively resistant to the commercial insulin preparation used. Previous studies have demonstrated that glucose transport at the BBB is not affected by insulin (Betz et aI., 1973) .
Unidirectional transport of glucose from blood to brain generally conforms to the equation:
This formula consists of the familiar Michaelis-Menten equation with an additional term, Ki;, to account for simple diffusion of solute into brain. For the present analysis, we assume that this term is eliminated when the glucose uptake is corrected by subtraction of the L glucose space. C is the average glucose concentration along the capillary, a value that could be approximated by (Ca + Cv)/2, i.e., the average of the arterial and venous glucose concentrations. However, as shown elsewhere (Christensen et aI., 1982) , Eq. S is only valid when the brain glucose concentration is zero, because when it is not, the concentrations of the labeled and unlabeled glu cose change differently along the capillary.
A more appropriate equation for determining kinetic constants was described by Gjedde (1980) and Christen sen et al. (1982): (6) If CMRg1u is sufficiently small compared to the amount of glucose available for transport, then C can be approxi mated by Ca (Gjedde, 1980) . Although we do not have values for CMRg1u in the present study, we will assume that this condition was met in the gerbil as it had been in the rat (Gjedde, 1980) .
Rearranging and using plasma flow rates and concen trations in Eq. 6 we obtain -qlF g� In(1 -E�lu) = V max + KmF g� In(1 -E�lu) (7) Therefore, a plot of -F�� ln(1 -E�l U ) versus -qIFg�ln(1 -E�lu) should fit a straight line with a slope of -Km and ay intercept equal to the V max'
In this report, kinetic data were fitted to Eq. 7 by least squares linear regression analysis. The significance of the difference between two values was determined with Stu dent's t test.
RESULTS
The physiological parameters for animals with normal, low, and high plasma glucose concentra tions are shown in Table 1 . There were no signifi cant differences in blood gases, blood pressure, or Hct among the three groups. Although the average mean arterial blood pressure (MABP) was low, it was still within the range of autoregulation for the gerbil (Crockard et al. , 1982) .
The CBF was determined in four separate regions of the gerbil brain for each group (Table 2) . There were few differences among the three groups within any given region, although CBF tended to be lowest in the hyperglycemic animals (but only significantly in the brainstem). The flow between regions did vary significantly. The CBF values in the basal gan glia and cerebellar hemispheres were similar, whereas the CBF was lower in the cerebral cortex and higher in the brainstem.
Calculation of blood-to-brain glucose flux re quires subtraction of the intravascular labeled glucose content from the whole brain glucose con- 54 ± 3 54 ± 6 57 ± 9 Hct (%) 36 ± 4 37 ± 5 43 ± 8
Values are means ± SD. All determinations were made with arterial whole blood.
tent (Eq. 4). The regional values used for the plasma space of brain were determined with L-[3H]glucose in a separate group of animals. These values are summarized in Table 3 . If it is assumed that the rate of diffusion of L-glucose across the BBB is similar to that of D-glucose, then this plasma space correc tion also subtracts that portion of glucose entering brain by diffusion from the total glucose uptake. Thus, the resulting value for uptake represents glu cose transport only. The rate of blood-to-brain glucose transport ver sus the arterial plasma glucose concentration is shown in Fig. 3 for the four regions studied. As pointed out previously, it is not valid to fit this data directly to the Michaelis-Menten equation because glucose uptake is not a direct function of the arterial plasma glucose concentration. However, the data can be fitted to Eq. 6, and are shown in a linear rearrangement of this equation in Fig. 4 . A sum mary of the kinetic constants obtained by fitting these data to Eq. 7 is presented in Table 3 . Although the Km did not change significantly from region to region, there was an increase in the V max for trans port that paralleled the regional changes in CBF.
DISCUSSION
The transport of glucose from blood to brain has been studied in a variety of species. In all cases, Values are means ± SD (ml 100 g-I min-I). Bonferroni's method (Wal lenstein et aI., 1980) was used for comparison of t statistics between mul tiple groups. u p < 0.05 compared to normal glucose group. movement of glucose across the BBB occurs by a saturable, stereospecific transport process with many of the properties of a facilitative diffusion type of glucose transport system (Lund-Andersen, 1979) . The kinetic constants for glucose transport are remarkably similar, regardless of species or methods used. The concentration of glucose giving half-maximal uptake (Km) is generally between 5 and 11 mM, whereas the maximal rate of transport (V max) is usually in the range of 1.1 to 2. 8 /Lmol g-l min-1 (Lund- Andersen, 1979) .
The kinetic constants that we determined for BBB glucose transport in the gerbil agree with those of other species. In our kinetic analysis, we made several assumptions that could affect the accuracy of our results. First, we assumed that CBF was con stant; however, it tended to be slightly lower in the high-glucose group. A similar observation was made in the rat (Gjedde, 1980) , and the error could lead to an underestimation of the Vmax. Second, we assumed that the change in glucose concentration along the brain capillary would not significantly af fect the results. This condition would be least likely to hold at low glucose concentrations and might cause an underestimation of the K m' In addition, we assumed that glucose transport is mediated by a single glucose carrier and that diffusion of D-glucose can be adequately measured by use of L-glucose. Gjedde (1981) recently suggested that BBB trans port of glucose is mediated by two transfer mecha nisms. One has high affinity and low capacity, and the second has low affinity and high capacity for D-glucose. Neither system has affinity for L glucose. We did not fit our data to the kinetic equa tions describing two simultaneous transport steps, and, therefore, if more than one specific transport or diffusional process is present, then our estimates of Km and V max would be high. Our assumption of a single transport system is supported by the close fit of the data in Fig. 4 to a straight line. Van Uitert and Levy (1978) measured the CBF in the conscious gerbil by a method similar to the one in the present study. They reported values that were 1.5 to 2 times greater than the values we observed. It is likely that this difference is due to the effect of pentobarbital anesthesia, which causes a similar re duction in CBF in the rat (Gjedde and Rasmussen, 1980) . Van Uitert and Levy (1978) failed to show significant variation in CBF among cerebral hemi spheres, cerebellum, and brainstem, although some regional variation was demonstrated in the rats anesthetized with pentobarbital (Pardridge et aI., 1982) or halothane (Gjedde et aI., 1980) . Thus, it is possible that the regional variations in CBF that we observed are due to varying effects of pentobarbital anesthesia on different brain regions.
Differential effects of pentobarbital anesthesia may also explain the regional variation in the V max for glucose transport that we observed. Gjedde and Rasmussen (1980) of BBB glucose transport that was in direct propor tion to the reduction of CBF caused by barbiturate anesthesia in the rat. They also observed an in crease in the Km for transport during anesthesia. As these investigators suggest, it is possible that the change in V max with CBF is due to intermittent capillary perfusion and recruitment of capillaries during increased flow. This hypothesis, however, fails to explain why the Km for glucose transport increases during barbiturate anesthesia (Gjedde and Rasmussen, 1980) . Nevertheless, since pentobar bital does not affect glucose transport when the CBF is held constant (Betz et aI., 1973) , the effect of barbiturates on transport is probably related to the alteration in CBF. It is possible that there is a vari ance from one capillary to the next in the properties of glucose transport, with anesthesia favoring per fusion of capillaries having a low V max and a high Km. If true, this hypothesis would also explain why increasing CBF has a greater effect on glucose transport than on brain plasma volume (Betz et aI., 1983) . At higher rates of CBF, there were no re gional differences in blood-to-brain glucose trans port kinetics in the rat (Pollay and Stevens, 1979; Gjedde, 1980) . In summary, this report describes a method for simultaneously measuring CBF and regional BBB glucose transport kinetics in the gerbil. The Km and V max values for unidirectional glucose transport from blood to brain are similar to those obtained in other species. Since the CBF in the gerbil can be altered easily by single carotid artery occlusion, this model system should be useful for studies of the effect of ischemia and changes in CBF on BBB transport.
